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The aim of this study was to investigate the water transfer properties of starch ﬁlms using steady-state
and transient methods and to evaluate the inﬂuence of air relative humidity on the ﬁlm roughness using
atomic force microscopy (AFM). Films were prepared with 3% starch and 0.3 g glycerol/g dry starch. Com-
posite-ﬁlms were prepared with the addition of 0.3 g cellulose/g dry starch. Water transfer through the
ﬁlms exhibited a dependence on the relative humidity RH. Using AFM, ﬁlm roughness was observed to
increase from a few nanometers to 45 nm over 1.5 h when the ﬁlms were exposed to high RH. Results
indicated that the equilibrium conditions at the ﬁlm surface were not reliable boundary conditions
and that the diffusion coefﬁcients determined by both transient and steady-state methods may be differ-
ent because they were determined at different conditions. Further studies of water permeability, assisted
by AFM, could be performed for a better understanding of ﬁlm barrier properties.
 2011 Elsevier Ltd.Open access under the Elsevier OA license.1. Introduction controlled by the water solubility coefﬁcient in the polymericUsing biodegradable materials from renewable resources is an
alternative to minimizing environmental problems caused by oil-
based polymers. Starches from different sources can form ﬁlms,
are inexpensive and are widely available. However, the application
of such ﬁlms for manufacturing packaging materials is limited by
their poor mechanical and water vapor barrier properties.
To improve starch-based ﬁlm characteristics, many studies
examined the effects of the addition of natural ﬁbers as a suitable
reinforcing component for thermoplastic materials. Most of these
studies focused on the mechanical ﬁlm properties and have
showed that ﬁber incorporation increases the tensile strength
and elastic modulus of ﬁlms and decreases their elongation capac-
ity (Curvelo et al., 2001; Dufresne and Vignon, 1998; Ma et al.,
2005; Müller et al., 2009).
Concerning the barrier properties, Dufresne and Vignon (1998)
reported that the addition of cellulose ﬁbers decreased the water
vapor permeability (Kw) of starch-based ﬁlms, which was attrib-
uted to low ﬁber hygroscopicity. A similar conclusion was reported
by Müller et al. (2009), who showed that ﬁlm permeability wasemical and Food Engineering,
ianópolis, Brazil. Tel.: +55 48
Oliveira Romera), jaqueline
ail.com (V.C. Zoldan), pasa@
o).
sevier OA license.matrix and that this coefﬁcient was reduced by ﬁber addition.
Water activity differences among the food components, the
food domains and the environment outside the package introduce
driving forces for water transport. The water transport ceases
when there is no difference in water activity, i.e., when the water
activities converge to a common equilibrium value. For systems
in which this equilibrium water activity is undesirable for one or
more of the components, the product shelf-life is determined by
the dynamics of the water transport process. In addition, under-
standing the relative importance of the different mechanisms con-
trolling moisture transfer through hygroscopic ﬁlms is also
important for designing new ﬁlms with improved and selective
barrier properties. Consequently, both the equilibrium properties
and the kinetics of water transport through the packaging material
are of great importance (Müller et al., 2009; Risbo, 2003).
The recognized mechanisms of water transport in foods and in
most of the porous media are the liquid movement as a result of
capillary action, liquid diffusion as a result of solute concentration
gradients, vapor diffusion in air-ﬁlled pores as a result of vapor
pressure gradients and liquid diffusion through the pore walls
(surface ‘‘diffusion’’ on the surface roughness microcapillaries)
(Keey, 1972; Laurindo and Prat, 1998). The relative contribution
of each transport mechanism to the overall moisture transfer is dif-
ﬁcult to determine, leading to the use of the so-called apparent or
effective moisture diffusivity, which is often a function of the solid
moisture content (Keey, 1972; Guillard et al., 2003). Relatively new
approaches using percolation simulation theory and etched
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importance of liquid ﬁlms, vapor diffusion and capillarity
(Laurindo and Prat, 1998; SanMartin et al., 2011).
Mass transfer in foods or packaging systems is generally de-
scribed using water vapor permeability or Fick’s law with an
apparent mass transfer coefﬁcient, but there is no standardized
method for estimating ﬁlm diffusivity. There is a huge variability
in the published values due to the diversity of experimental meth-
ods, experimental conditions and materials (structure, composi-
tion) (Boudhrioua et al., 2003).
There are some non-systematic studies reported in the litera-
ture on the determination of diffusion coefﬁcients for hygroscopic
ﬁlms. Larotonda et al. (2005) and Müller et al. (2009) used the stea-
dy-state permeation method to determine water diffusion coefﬁ-
cients through thin ﬁlms that are subjected to different relative
humidities. However, this methodology has been not widely used
for ﬁlms. Transient methods have been the most commonly used
techniques, but the experimental conditions and the intrinsic con-
siderations are quite diverse (Boudhrioua et al., 2003).
Some papers reported results on the diffusion coefﬁcients
through starch-based ﬁlms, whichwere determined using transient
methods (Chivrac et al., 2010; Cyras et al., 2008; Masclaux et al.,
2010; Yu et al., 2008). The ﬁlm was equilibrated at a low RH (desic-
cators with silica gel, RH = 2%) and immediately subjected to a high-
er RH (e.g., RH = 75%); the ﬁlmmass gain was registered during this
second step. Cyras et al. (2008) reported a diffusion coefﬁcient of
2  1014 m2 s1, while Masclaux et al. (2010), working over a wide
range of relative humidities, reported diffusion coefﬁcients ranging
from 0.19  1014 to 5  1014 m2 s1. Chivrac et al. (2010) consid-
ered the ﬁlm swelling and reported values ranging from
0.15  1011 to 1.18  1011 m2 s1 over a very wide range of rela-
tive humidities. These values are similar to those reported by Yu
et al. (2008), who reported values ranging from 0.9  1011 to
2  1011 m2 s1.
In this context, the aim of this study was to investigate the
water transfer properties of starch ﬁlms using steady-state and
transient methods and to evaluate the inﬂuence of air relative
humidity on ﬁlm roughness using atomic force microscopy
(AFM). The stationary and transient methods were used to deter-
mine the water vapor permeability and apparent water diffusion
coefﬁcient in the ﬁlms.2. Materials and methods
2.1. Film preparation
An aqueous suspension of ﬁbers (softwood short ﬁbers, 1.2 mm
long and 0.1 mm diameter – Klabin S.A-Brazil) was prepared by
cutting 10 g of ﬁbers and mixing them with 400 ml of distilled
water. Films were prepared according to the casting technique.
Film-forming mixtures were prepared using 3% w/w cassava starch
(Yoki/Paraná, Brazil), 0.30 g glycerol/g dry starch and 0.30 g ﬁber/g
dry starch. The ﬁber suspension and water were stirred for 10 min
at 14,000 rpm in a dispenser. Then, starch and glycerol were added.
Afterwards, under constant stirring (90 rpm), the container with
the mixture was heated to 70 C, and the ﬁlm-forming suspension
was poured homogeneously into acrylic Petri dishes (14-cm diam-
eter). The dishes with ﬁlm-forming mixtures were then placed into
a ventilated oven set at 40 C for 14 h. Films prepared without ﬁber
served as controls.2.2. Mechanical tests
Tensile tests were conducted based on the ASTM D882-00
(2000) using a texture analyzer (Stable MicroSystem – TAXT2i,Surrey/UK) with a 25 kg load cell. Rectangular ﬁlm samples with
25 mm  100 mm dimensions were used to perform the tensile
tests at 0.8 mm/s. Ten samples of each ﬁlm formulation were
tested to determine the elongation at break (e), tensile strength
(T) and Young’s modulus (Y).
2.3. Moisture content, thickness and density
Prior to determining the ﬁlm properties, samples were condi-
tioned at 25 C and 58% relative humidity (RH) for 48 h. Film mois-
ture content was determined in triplicate by the gravimetric
method after drying at 105 C for 24 h, and it is expressed in g
water/g dry mass. Film thickness was measured (accuracy,
±0.001 mm) using a Digimatic digital external micrometer
(Mitutoyo Co., Japan) at ten different points in the ﬁlm. For deter-
mining ﬁlm density, 2 cm  2 cm samples were placed in a desic-
cator with phosphorus pentoxide (0% RH) for 20 days and then
weighed. Subsequently, dry matter densities were calculated using
Eq. (1),
qs ¼
m
dA
ð1Þ
where A is the ﬁlm area (4 cm2), d is the ﬁlm thickness (cm),m is the
dry ﬁlm mass (g) and qs the dry matter density of the ﬁlm (g cm
3)
(Larotonda et al., 2005). The ﬁlm density is expressed as the average
of ten measurements.
2.4. Moisture sorption isotherms
Moisture sorption isotherms were determined by the static
method using saturated saline solutions to obtain different relative
humidities (Labuza and Ball, 2000). The Guggenheim–Anderson–
de-Boer (GAB) model, Eq. (2), was ﬁtted to the experimental equi-
librium data. In this equation, the parameterWeq is the equilibrium
moisture content (g water/g dry mass),W0 is the monolayer water
content, C is the Guggenheim constant (which represents the sorp-
tion heat of the ﬁrst layer) and k is the sorption heat of the multi-
layers. The GAB model parameters were determined by non-linear
regression using Statistica Software 6.0 (Statsoft, USA):
Weq ¼ CkW0aw½ð1 kawÞð1 kaw þ CkawÞ ð2Þ2.5. Water vapor permeability (Kw)
Water vapor permeabilities (Kw) were determined in appropri-
ate diffusion cells using three different ranges of relative humidity
gradients (DRH = 11–33%, DRH = 33–64% and DRH = 64–90%), as
shown in Fig. 1a. The water vapor permeabilities were determined
using Eq. (3),
Kw ¼ WdApsðaw2  aw1Þ
ð3Þ
where d is the average ﬁlm thickness, A is the ﬁlm permeation area
(0.005 m2), aw1 (RH1/100) is the water activity inside the cell, aw2
(RH2/100) is the water activity in the chamber, ps is the water vapor
pressure at the experimental system temperature (25 C) and
W = G/t (g water/h) (calculated by ﬁtting a line to the mass vs. time
data, under steady state permeation conditions).
2.6. Diffusion coefﬁcient
2.6.1. Steady-state method
In the steady-state method, water permeation through a ﬁlm
ﬁxed in a diffusion cell was studied (Fig. 1a). The mass transfer
at steady-state conditions was determined experimentally from
the cell mass gain during the test, the permeation area, the average
(a) (b)
Fig. 1. (a) Representation of the steady-state method used to determine the
diffusion coefﬁcient and (b) mass ﬂow at steady state.
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force for water transfer through the ﬁlm, which was used in Fick’s
Law, was the moisture content difference between both ﬁlm sur-
faces Weq1andWeq2, which was estimated using the RH at each side
of the diffusion cell and the moisture sorption isotherm of the ﬁlm.
Fig. 1b schematically presents the assumptions for determining
the diffusion coefﬁcients using the steady-state method, namely (i)
the external (convective) resistances to mass transfer were
neglected because air circulation was promoted by the two fans
installed in the system; thus, the two ﬁlm surfaces were always
considered to be in equilibrium with the air (at the given RH and
temperature) to which they were exposed; (ii) the RH of both sides
of the diffusion cell were constant and known; (iii) the ﬁlm density
was considered to be constant throughout the process and inde-
pendent of its moisture content; (iv) the water diffusion coefﬁcient
in the ﬁlm (Dw) was considered to be constant over the relative
humidity range investigated; (v) water diffusion through the ﬁlm
was unidirectional because the ﬁlm thickness (d) was much smal-
ler than the other dimensions; and (vi) the diffusive ﬂux followed
Fick’s law. Thus,
jw;z ¼
DwqsðWeq2 Weq1Þ
d
ð4Þ2.6.2. Transient method
The mass conservation in the ﬁlm is given by Eq. (5)
@ðqsXwÞ
@t
þ ~r  ~nw ¼ 0 ð5Þ
If the mass ﬂux is unidirectional,
@ðqsXwÞ
@t
¼ Def @
2ðqsXwÞ
@z2
ð6Þ
Fig. 2a is a schematic representation of the mass transfer exper-
iment performed to obtain the water diffusion coefﬁcient in the
ﬁlm under transient conditions. In each experiment, two atmo-
spheres with different RHs were used. Initially, the ﬁlm was condi-
tioned at RH1 for 1 week before being used in the transient mass
transfer experiment. The ﬁlm was transferred from a desiccator
at RH1 to a hermetic chamber at RH2 and then placed on a precision
scale, as showed in Fig. 2a. The ﬁlm weight was measured contin-
uously until the new equilibrium was reached. The measurements
were performed with one of three pairs of relative humidities
(RH1–RH2), i.e., 0.11–33%, 33–64% or 64–90%. In all cases, RH1
was used for obtaining the initial condition (initial ﬁlm moisture
content), and RH2 was used for studying the mass transfer process
at transient conditions.The assumptions for applying the transient method are shown
in Fig. 2b and are listed as follows: (i) the external (convective)
resistances to mass transfer were neglected because four fans were
used to mix the air inside the hermetic container; (ii) the water dif-
fusion coefﬁcient in the ﬁlm (Dw) was considered to be constant at
each RH investigated; (iii) diffusion was considered unidirectional
because the thickness (d) was much smaller than the other dimen-
sions; (iv) at the beginning of the mass transfer experiment, the
moisture content was homogeneous throughout the ﬁlm; and (v)
the ﬁlm did not swell. Thus, the dimensionless average concentra-
tion h is obtained using Eq. (7) (Crank, 1975):
h ¼ Wa WeqðRH2Þ
WeqðRH1Þ WeqðRH2Þ
¼ 8
p2
X
n¼0
1 1
ð2nþ 1Þ2
exp  ð2nþ 1Þ
2z
p
 2
 Def  t
" #
ð7Þ
where Wa is the average ﬁlm moisture content after an elapsed
time, t; WeqðRH1Þ is the initial ﬁlm moisture content (t = 0, immedi-
ately before the transient mass transfer experiment); and WeqðRH2Þ
is the moisture content when the sample reaches the new equilib-
rium with RH2.
To estimate the water diffusion coefﬁcient in the ﬁlm, an itera-
tive algorithm was used to ﬁnd the value of Dw that resulted in the
best ﬁt between the theoretical and experimental. Microsoft Ofﬁce
Excel 2007 was used for the calculations.
2.7. Atomic force microscope (AFM)
Micrographs were obtained using an atomic force microscope
(AFM) from Molecular Imaging Corporation PicoSPM (Tempe,
Ariz./USA). The images were processed using the software WSxM
5.0 Develop 1.0. The NP-S probe consisted of a triangular cantilever
200 mm in length, a pyramidal silicon nitride tip and a
1.6 mm  3.4 mm silicon support chip. The measurements were
performed by the contact method. The cantilever tip was main-
tained at 1 nm from the ﬁlm surface, overcoming the presence of
a thin water ﬁlm. For recording AFM images, starch ﬁlms were ex-
posed to high relative humidity in the same chamber where the
AFM equipment was.
The AFM allows for the study of the kinetic roughening process
of a surface subjected to a high RH by determining the surface
roughness, m(l) of the layers. m(l) is the root-mean-square (RMS)
deviation of the surface height h from its mean value, i.e., the
RMS of the ﬂuctuations of the surface height h, written as:
mðlÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
hðh hhiÞ2i
q
ð8Þ
where l is the size of the region over which m is measured.
3. Results and discussion
The mechanical properties of the ﬁlm as determined by the ten-
sile tests are presented in Table 1. The incorporation of cellulose ﬁ-
bers increased the ﬁlm tensile strength by approximately 14,
decreased the ﬁlm elongation capacity and increased the ﬁlm
rigidity, as indicated by the 140 increase in the Young’s modulus.
Kunanopparat et al. (2008) reported that the inﬂuence of ﬁber
addition on the mechanical properties of starch-based ﬁlms could
be explained by the ﬁbers’ anti-plasticizer effect. Ma et al. (2005)
and Müller et al. (2009) reported a considerable increase in ﬁlm
tensile strength and showed SEM micrographs that indicated that
the thermoplastic starch was well-suited as a matrix for the cellu-
lose ﬁbers. The remarkable adhesion between the ﬁbers and the
cellulose matrix was explained by the chemical similarity between
the starch and cellulose ﬁbers.
Fig. 2. (a) Representation of the transient method used to determine the diffusion coefﬁcient. The air was mixed inside the container by four fans and (b) mass ﬂow under
transient conditions.
Table 1
Tensile strength (T), percent elongation at break (e) and Young’s modulus (Y) of starch
ﬁlms (F0030) and starch ﬁlms with added cellulose ﬁbers (F3030).
Samples T (MPa) e (%) Y (MPa)
F0030 1.50 ± 0.26 201.46 ± 45.30 4.98 ± 0.51
F3030 21.32 ± 1.43 12.87 ± 1.42 557.71 ± 71.88
Table 2
Moisture content, thickness and density of starch ﬁlms (F0030) and starch ﬁlms
reinforced with cellulose ﬁbers (F3030).
Samples Moisture content (g water/g dry
solid)
Thickness
(lm)
Density
(g cm3)
F0030 0.138 ± 0.006 101 ± 9 1.35 ± 0.05
F3030 0.107 ± 0.007 138 ± 5 1.25 ± 0.04 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0
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Fig. 3. Water sorption isotherms of starch ﬁlms and starch-cellulose ﬁber ﬁlms at
25 C.
Table 3
GAB parameters of starch ﬁlms (F0030) and starch ﬁlms with added cellulose ﬁbers
(F3030).
Samples Xeq k c
F0030 0.077 0.958 1.386
F3030 0.071 0.943 1.262
Determination coefﬁcient (R2) > 0.99 for both ﬁlm formulations.
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the prepared ﬁlms. The ﬁlms prepared only with starch (F0030)
exhibited a moisture content greater than that of the ﬁlm samples
prepared with the addition of cellulose ﬁbers (F3030). The same
behavior was previously reported by other authors, and it is asso-
ciated with the less hydrophilic nature of cellulose, when com-
pared to starch (Curvelo et al., 2001; Dufresne and Vignon, 1998;
Müller et al., 2009).
The typical density of the starch ﬁlms prepared with the addi-
tion of cellulose ﬁbers was 1.25 ± 0.04 g cm3, which was lower
than the value found for the starch ﬁlms (1.35 ± 0.05 g cm3). This
difference is associated with the lower density of cellulose ﬁbers in
comparison to thermoplastic starch. These density values are in
agreement with those reported by Müller et al. (2009). The ﬁlm
thicknesses ranged from 101 to 138 lm. The moisture sorption iso-
therms of both ﬁlm formulations are shown in Fig. 3, while the GAB
parameters (C, k, Wo) and the respective correlation coefﬁcients are
shown in Table 3.
The GAB model was ﬁtted satisfactorily to the experimental
data, as has been reported by other authors regarding starch-based
ﬁlms (Larotonda et al., 2005; Müller et al., 2009). The water sorp-
tion isotherms exhibited a sigmoidal shape, even for the compos-
ite-ﬁlms, which is characteristic of hydrophilic materials. From
the parameter Wo which is associated with the monolayer mois-
ture content, it was observed that the ﬁlms with added cellulose
ﬁbers had a lower afﬁnity for water than the control ﬁlms,especially at higher relative humidities. This result is consistent
with the results for the ﬁlm moisture content and is associated
with the lower hydrophilicity of cellulose ﬁbers in relation to the
thermoplastic starch.
Fig. 4 shows the experimental data on mass transfer, i.e., (a) the
permeation rate at steady-state conditions. From Fig. 4a, it can be
seen that the mass gain occurred under steady-state conditions, as
indicated by the linear behavior of the permeation curve (diffusive
cell mass gain vs. time) and (b) mass gain by the ﬁlm during the
experiment at transient-state conditions, until the ﬁlm reached
an equilibrium with the air at RH2.
Table 4 presents the water vapor permeabilities (Kw) deter-
mined by the steady-state method and the diffusion coefﬁcients
determined by both the steady-state and transient methods. It
was found that Kw was highly dependent on the air relative humid-
ity and increased considerably when the relative humidity
Table 4
Water vapor permeability and the effective diffusion coefﬁcient for starch ﬁlms
(F0030) and starch ﬁlms with added cellulose ﬁbers (F3030).
DRH Water vapor
permeability
(107 g m2 Pa1 h1)
Diffusion
coefﬁcient –
steady-state
method
(1014 m2 s1)
Diffusion
coefﬁcient –
transient
method
(1014 m2 s1)
F0030 11–33% 1.81 ± 0.26 0.87 ± 0.13 0.19 ± 0.07
33–64% 6.20 ± 0.97 1.23 ± 0.19 1.02 ± 0.17
64–90% 8.41 ± 1.24 0.40 ± 0.06 0.47 ± 0.12
F3030 11–33% 1.53 ± 0.46 0.79 ± 0.24 0.20 ± 0.06
33–64% 5.93 ± 0.92 1.52 ± 0. 23 0.70 ± 0.09
64–90% 10.33 ± 1.72 0.65 ± 0.11 0.78 ± 0.31
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sient method were different, but of the same order of magnitude as
those obtained from the steady-state method (1  1014 m2 s1).
These results are in agreement with those reported by Masclaux
et al. (2010).
A discussion on the diffusion coefﬁcient data given in Table 4 is
presented next, considering the following: (i) the experimental
method, (ii) the ﬁlm formulation and (iii) the relative humidity
range used in the experiment.
The largest difference between the diffusion coefﬁcient values
determined by the two methods was observed in the lower RH
range (11–33%). In this range, the diffusion coefﬁcient values
determined by the steady-state method were up to 4 higher than
those determined by the transient method. As Dw increases with
moisture content (in this RH range), it is rational to predict that
Dw tends to be higher at steady-state conditions. For both experi-
ments, however, the ﬁlms’ surfaces were assumed to be in equilib-
rium with the air at a given RH. This assumption tends to be more
realistic for the steady-state method due to the long contact time.
On the other hand, it can lead to an overestimation of the moisture
content gradient within the ﬁlm at transient conditions, leading to
an underestimation of the diffusion coefﬁcient. Information on the
inﬂuence of the moisture content on the morphology of the ﬁlm
surface could contribute to a better understanding of both the
dynamics of water sorption and the mass transfer through the ﬁlm.
As discussed next, the topology of the ﬁlm surface changed contin-
uously when exposed to air saturated with water vapor. The largest
difference between the diffusion coefﬁcients of samples prepared
with different formulations was in the RH range of 64–90%, in
which there is the highest water availability. This behavior is con-
sistent with the moisture sorption isotherms because the ﬁlmsFig. 4. (a) Mass gain by the diffusion cells during the steady-state experiments and
(b) mass gain by the ﬁlm sample during the transient experiments at different RH
conditions.with added ﬁbers were shown to be less hygroscopic than the ﬁlms
prepared with only starch in the RH range of 64–90%. In this RH
range, the ﬁbers reduced the water solubility (afﬁnity) in the ﬁlms
due to their high compatibility with starch.
The water diffusion coefﬁcients in the ﬁlms were strongly inﬂu-
enced by the relative humidity, which can be explained by the in-
crease in the water solubility coefﬁcient in the ﬁlms when the RH
increases (moisture sorption isotherms have a sigmoidal shape).
Stading et al. (2001) studied the structure of starch ﬁlms dried un-
der different conditions and found that the RH during ﬁlm forma-
tion affected both the pore size distribution and the matrix
homogeneity. In addition, the authors studied ﬁlms dried at 50%
RH and subsequently conditioned at a different RH. They observed
that these ﬁlms exhibited a reversible structure, i.e., when the ﬁlms
were dried at RH = 50% and conditioned at RH = 35%, their struc-
tures were similar to those of ﬁlms dried at RH = 35%. In the pres-
ent study, the ﬁlms were prepared under the same conditions and
conditioned at different RH ranges to determine the diffusion
coefﬁcients.
When the RH range was 11–33% in the steady-state method, the
diffusion coefﬁcient for the F0030 samples was determined to be
0.87  1014 m2 s1, which is similar to that determined for the
F3030 samples (0.79  1014 m2 s1). At this RH range, the average
diffusion coefﬁcient obtained from the transient method for the
two formulations were a quarter of the value determined by the
steady-state method (approximately 0.20  1014 m2 s1), as dis-
cussed before. Starch-based ﬁlms are not a classic capillary med-
ium, but it is well known that the microstructure of amylose
ﬁlms plasticized with glycerol changes signiﬁcantly with the RH
(Stading et al., 2001). These authors found a dense and homoge-
neous network, with a maximum pore size of approximately
40 nm for starch-based ﬁlms formed under an atmosphere with
RH = 50% and T = 23 C. The transport mechanisms that occur when
the ﬁlm is conditioned at low RH are likely to be associated with
cases 1, 2 and 3 shown in Fig. 5 due to vapor diffusion in air-ﬁlled
pores. The driving force for mass transfer is the vapor pressure gra-
dient caused by the moisture content difference between the two
ﬁlm surfaces. For the RH range of 33–64%, the diffusion coefﬁcient
values were the highest. This result is likely due to the onset of the
capillarity mechanism with moisture transfer in the liquid phase
because the pores may contain a solution of water and glycerol
(situations 3, 4 and 5 shown in Fig. 5; situation 6 could occur only
for ﬁlms with a very high moisture content). From transmission
electron microscopy micrographs of starch-based ﬁlms, Stading
et al. (2001) reported that ﬁlms dried at RH = 70% showed large
variations in pore size. Moreover, they observed that the polymeric
matrix consisted of dense areas and large open pores, with sizes up
to 200 nm. For the RH range of 64–90%, the diffusion coefﬁcients
were lower than those at 33–64%. In the 64–90% RH range, the pos-
sibility of ﬁnding condensed water is higher, reinforcing the
MOVEMENT IN THE VAPOR PHASE
MOVEMENT IN THE LIQUID PHASE
1. Adsorption
2. Vapor diffusion
3. Vaporization condensation
4. Liquid surface diffusion
5. Unsaturated hydraulic flow
6. Saturated hydraulic flow
Fig. 5. Mechanisms of moisture transfer in porous media (adapted from Rose, 1963).
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important effect on the apparent diffusion coefﬁcient. Stading
et al. (2001) observed that the polymeric network of ﬁlms dried
at RH = 90% was homogeneous and had smaller pores, with a struc-
ture similar to that observed in ﬁlms formed under RH = 50%. This
homogeneous and blocked structure could explain the lower diffu-
sion coefﬁcients.
The inﬂuence of the RH on the ﬁlm surface roughness was
investigated in two situations using atomic force microscopy
(AFM). In the ﬁrst situation, the roughening of a ﬁlm surface (ini-
tially dry) exposed to high RH (close to 100%) was investigated.
Speciﬁcally, the ﬁlm surface roughness evolution was monitored
by taking AFM images over one hour and forty minutes. Fig. 6
shows the evolution of the surface topography at different expo-
sure times. All of the AFM images have the same size and were ob-
tained from the same region of the surface. The z scale wasFig. 6. Topographic images obtained using the atomic force microscope showing the roughening of the ﬁlm surface (initially dry) exposed to high RH (close to 100%). The ﬁlm
roughness increased from approximately 27 nm (t = 0 min) to 38 nm (t = 55 min). (a) 0 min, (b) 11 min, (c) 22 min, (d) 33 min, (e) 44 min and (f) 55 min.
Fig. 7. The increase in the square mean roughness of the starch ﬁlm surface during
exposure to a high RH atmosphere.
Fig. 8. Topographic images of cassava starch ﬁlms conditioned at different RHs. (a) RH = 33%, SMR = 3.4 nm, (b) RH = 75%, SMR = 5.9 nm and (c) RH = 90%, SMR = 20.9 nm.
68 C. de Oliveira Romera et al. / Journal of Food Engineering 109 (2012) 62–68normalized for a better visualization of the ﬁlm morphology. From
these images, one can observe that the ﬁlm surface roughness in-
creased signiﬁcantly with time for a constant relative humidity
of approximately 100%. To quantify the ﬁlm’s response to the mois-
ture content, the time-evolution of the roughness was determined
using Eq. (8). As shown in Fig. 7, the polymer matrix roughness in-
creased from 26 nm to approximately 45 nm in 80 min of exposure
time. The surface roughness increased rapidly until 70 min of
exposure, following a sigmoidal behavior, but did not change sig-
niﬁcantly after this period. The roughness increase is probably a re-
sult of ﬁlm heterogeneity at the nanoscale. Literature results
reported that the cavities distribution (nanopores) of starch ﬁlms
is inﬂuenced by the relative humidity (Stading et al., 2001). These
results suggest that a characteristic time for the ﬁlm surface to
reach an equilibrium with the high RH air is not shorter than 90–
100 min. This conclusion could challenge the appropriateness of
assuming equilibrium throughout the experiment, which is a com-
mon boundary condition in transient methods for determining
water diffusion coefﬁcients in ﬁlms. The use of a mass ﬂux bound-
ary condition could be appropriate, but the mass transfer coefﬁ-
cient at the ﬁlm-air interface must be determined with
exactness. Moreover, the partial vapor pressure at the ﬁlm surface
must be known.
The second procedure applied for evaluating the ﬁlm roughness
evolution was to place the starch ﬁlms at different RH conditions
for an entire week. Fig. 8 shows AFM images of cassava starch ﬁlms
(5 mm  5 mm) exposed to air with an RH of (a) 33%, (b) 75% or (c)
90% for an extended time (an entire week). This ﬁgure shows the
changes in the ﬁlm surface roughness for different RHs. The values
found for the mean square roughness (RMS) of the ﬁlms were
17 nm at 33% RH, 30 nm at 75% RH and 57 nm at 90% RH. Kuutti
et al. (1998) studied the time evolution of the average roughness
of ﬁlms prepared with oat starch subjected to 50% RH and 20 C.
They found that the average ﬁlm roughness was 10 nm in the ﬁrst
week and that it increased to 15 nm in the ﬁfth week.
4. Conclusions
This work enables a better understanding of some aspects of
water sorption and water diffusion through starch-based ﬁlms.
Despite their well-known inﬂuence on the mechanical properties
of starch-based ﬁlms, cellulose ﬁbers did not have a considerable
effect on the ﬁlms’ moisture barrier properties. On the other hand,
it became clear that air RH has an important inﬂuence on the sur-
faces of the ﬁlms and diffusion coefﬁcient values. Using atomic
force microscopy, the polymer matrix roughness was observed to
increase from a few nanometers to approximately 45 nm after
approximately 1.5 h when the ﬁlm surface was subjected to air
with an RH of approximately 100%. This result suggests that the
assumption of equilibrium at the ﬁlm surfaces is not appropriate
for short-term experiments, as is the case with experimentsconducted under transient conditions. Further studies using AFM
can be helpful to achieve a better understanding of the importance
of the behavior of the ﬁlm surface on the mass transfer through the
ﬁlm.
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